The effect of vacuum annealing on local structure reconstruction, evolution of photoluminescence ͑PL͒ and paramagnetic defects in carbon-rich a-Si 1−x C x : H films ͑x = 0.7͒ was studied. Strong enhancement of visible ͑white-green͒ PL was observed after annealing in the temperature range of 400-500°C. Such enhancement was correlated with increasing of the concentration of carbon-hydrogen bonds in Si: C u H n accompanied with increase in the fluctuation of the interatomic potential. Complete disappearance of PL, "graphitization" of the carbon precipitates, and a strong increase in the concentration of the paramagnetic states were observed after annealing at 650°C and above. The enhancement and the degradation of PL after different-temperature treatments are explained by the following competing effects: ͑1͒ enhancement of the radiative recombination due to passivation of paramagnetic defects with hydrogen and increase of localization of photoexcited electron-hole pairs due to formation of new Si:CuH and ͑2͒ enhancement of the nonradiative recombination through the paramagnetic states due to increase in their concentration caused by graphitization of carbon precipitates after high-temperature treatment.
I. INTRODUCTION
Thin-film hydrogenated amorphous silicon-carbon alloy ͑a-Si 1−x C x :H͒ has attracted interest as a wide band gap material with tunable electrical, optical, and light-emitting properties. One of the main problems of the amorphous siliconcarbon alloys as well as of other amorphous IV-group semiconductors is a high concentration of metastable paramagnetic defects and midgap electron states associated with these defects. These defects serve as nonradiative recombination centers and traps for charge carriers deteriorating electrical and/or light-emitting properties of the material. 1 It is well known that paramagnetic defects in amorphous silicon, germanium, and silicon-germanium alloys are mainly related to dangling bonds. Enhancement improvement of the electronic properties of these materials up to the device-grade quality was achieved by appropriate incorporation of hydrogen ͑"hydrogenation"͒ that passivates a large fraction of the paramagnetic defects. However, the origin of the unpaired spins in amorphous carbon and silicon-carbon alloys as well as physical mechanisms of the interaction of hydrogen with paramagnetic defects in these materials, are controversial and still under discussion today.
It is known that paramagnetic defects in a-Si 1−x C x : H are mainly associated with carbon incorporation. 2 Incorporation of carbon leads to development of "chemical disorder," i.e., homonuclear interatomic bonds ͑SiuSi, CuC͒. 3 In a mixed sp 2 -and sp 3 -coordinated disordered carbon network, there is a variety of possible types of paramagnetic defects: dangling -bonds and unpaired -electrons associated with a single sp 2 -coordinated carbon atom or with a carbon cluster having an odd number of sp 2 -sites. 4 In our previous paper, 5 it was demonstrated that low-temperature vacuum annealing ͑450°C͒ reduces the concentration of paramagnetic defects and strongly increases the intensity of photoluminescence ͑PL͒ in near-stochiometric a-Si 1−x C x :H ͑x = 0.5͒. This phenomenon was explained by suggesting that weakly bonded hydrogen gets released during low-temperature annealing and interacts with unpaired spins leading to passivation of paramagnetic defects. A similar effect was observed earlier in amorphous hydrogenated carbon films after lowtemperature ͑300°C͒ annealing, 6 which confirmed that interaction of hydrogen with carbon related paramagnetic defects may indeed occur in a disordered carbon network at an elevated temperature. The present work is focused on studying the interaction of hydrogen with carbon in carbon-rich a-Si 1−x C x : H films during thermal annealing and the effects of this interaction on evolution of paramagnetic defects and light-emitting properties of a-Si 1−x C x : H after vacuum annealing.
II. EXPERIMENTAL
Amorphous hydrogenated silicon-carbon alloy was deposited by reactive magnetron sputtering of a monocrystalline silicon target using a mixture of Ar/ CH 4 as working gas. Two-side polished Si͑100͒ wafers ͑p-type, 40 ⍀ cm͒ were used as substrates. The deposition rate and substrate temperature during deposition was about 6 nm/min and 200°C respectively. The details of the deposition procedure are reported elsewhere. 5 The thickness of the a-SiC: H layer measured by interferometer was found to be 500 nm. After depo-sition, the silicon substrate was cut into smaller pieces and annealed in vacuum ͑10 −6 Torr͒ for 15 min in the temperature range of 400-850°C.
The local structure, interatomic bonds, paramagnetic defects, and light-emitting properties were analyzed by infrared spectroscopy ͑2000FT-IR, Perkin Elmer͒, Raman scattering spectroscopy ͑NR1800, JASCO, excitation with 514 nm line of Ar + laser͒, electron paramagnetic resonance ͑X-band spectrometer Radiopan SE/X-2244 with 100 kHz modulation of magnetic field͒ and PL spectroscopy ͑excitation with 351 nm line of Ar + laser͒. PL measurements were performed at room temperature. The density of the paramagnetic defects was measured at room temperature while the width of the EPR line was analyzed in temperature range of 4.2-300 K.
The composition of the a-Si 1−x C x : H was analyzed with Auger-electron spectroscopy ͑Jump 10s, JEOL͒ using relative sensitivity factors of C KVV and Si LVV obtained from the bulk 6H-SiC standard. Silicon-to-carbon ratio was estimated to be about 30/70.
III. EXPERIMENTAL RESULTS

A. Fourier-transform infrared transmission spectroscopy
Fourier-transform infared ͑FTIR͒ transmission spectra of as-deposited and annealed samples are presented in Fig. 1 . In the spectral range of 400-3500 cm −1 , the spectra of the asdeposited samples are composed of five absorption bands: 800 cm −1 ͑SiuC stretching͒, 1000 cm −1 ͑Si: C u H 2 rocking/wagging͒, 1260 cm −1 ͑SiCu H 3 bending͒ ͓Fig. 1͑a͔͒, 2100 cm −1 ͑Siu H n stretching͒ ͓Fig. 1͑b͔͒, and 2800-3000 cm −1 ͓C͑sp 3 ͒ -H n stretching͔ ͓Fig. 1͑c͔͒. 3, [7] [8] [9] [10] [11] [12] [13] [14] [15] One may expect also some contribution from absorption in the region of 1000-1100 cm −1 ͑SiuO stretching mode͒ due to oxygen contamination. Unfortunately, it is impossible to separate contributions of Si: C u H 2 and SiuO, however, by analogy, 5 we consider the contribution of the oxygen-related band as a constant "background" that is not changed by vacuum annealing. It will be shown below that such approach is quite reasonable, and a possible contribution of the oxygen contamination to the absorption spectrum does not effect our general conclusions.
First, let us consider the evolution of the absorption due to stretching modes of bonded hydrogen. Position of the Siu H n band at 2100 cm −1 is shifted toward high frequency in comparison with the similar band in a-Si: H ͑2000-2050 cm −1 ͒. This is explained by increase of the polarity of the bond due to effect of carbon atoms in the nearest neighborhood of silicon atom. 2 With increasing the annealing temperature, the absorption by Siu H n bonds was monotonically decreased and no detectable silicon-hydrogen bonds were observed after annealing at 650°C ͓Fig. 2͑a͔͒. bonds ͑3050 cm −1 ͒ 14,15 were observed in as-deposited and annealed samples indicating that all hydrogenated carbon atoms are in sp 3 -hybridization. Detailed analysis of the C u H n stretching band showed a presence of a high-frequency shoulder at 3000-3050 cm −1 that can be ascribed to stressed sp 3 -coordinated C u H n bonds. After annealing at 650°C this shoulder disappeared and absorption bands became significantly narrower indicating relaxation of carbon-hydrogen bonds.
The integral absorption at 2800-3000 cm −1 was also decreased with increasing T ann ͓Fig. 2͑a͔͒, however, this process of dehydrogenation of carbon atoms took place at considerably higher temperature than the dehydrogenation of silicon atoms. This is in good agreement with previous studies where it was shown that carbon-hydrogen bonds are thermally more stable in comparison to silicon-hydrogen bonds. 2 It is worth noting that the C u H n stretching-mode absorption at 2800u 3000 cm −1 ͑though significantly reduced͒ remains well detectable even after the highest annealing temperature of 850°C.
Increasing of the annealing temperature up to 550°C resulted in considerable increase of the absorption bands at 1000 cm −1 ͑Si: C u H 2 rocking/wagging͒ and 1260 cm −1 ͑Siu CH 3 bending͒ ͓Fig. 2͑b͔͒. In order to show this effect more clearly we fitted the spectra in the range of 500-1400 cm −1 by three Gauss-like bands centered at about 800, 1000, and 1260 cm −1 . In Fig. 2͑b͒ we present the integral intensities of the 1000 and 1260 cm −1 absorption bands. The intensities of the bands in as-deposited samples were taken as 1 ͑unity͒. It is clearly seen that the trend of increasing of the 1000 and 1260 cm −1 absorption bands with increase of the annealing temperature continues up to 550°C, followed by a reversal of the trend at higher temperatures. Since the annealing was performed in high vacuum, the oxidation of the samples ͑which could also produce absorption in the same spectral range͒ can be ruled out as a possible reason for these changes, and the enhancement of the absorption at 1000 cm −1 can be attributed to formation of new Si:CuH bonds.
B. Raman scattering spectroscopy
Raman scattering ͑RS͒ measurements were performed using 514 nm laser radiation for excitation. No Raman scattering bands were detected in the spectral ranges of 500-520 cm −1 ͑SiuSi͒ and 800 cm −1 ͑SiuC͒. The asdeposited samples and the samples annealed below 650°C showed weak barely detectable Raman scattering in the range of 1000-1800 cm −1 ͑disordered sp 2 -coordinated carbon clusters͒. The PL spectra of those samples had strong background of PL ͑Fig. 3͒. After annealing at 650°C, the PL background was strongly reduced and a very broad and featureless band appeared. Annealing at 750 and 850°C did not changed significantly the integral intensity of RS ͑see inset of Fig. 3͒ but resulted in transformation of featureless band into two pronounced bands centered at about 1370 and 1570 cm −1 which are attributed to D-and G-bands of a graphitelike local structure. 16, 17 Such transformation unambiguously indicates that local ordering and/or increase in the size of graphitelike carbon clusters take place. It is worthy noting that the conversion of the hydrogenated carbon clusters with sp 3 -coordinated local structure into the graphitelike sp 2 -coordinated clusters ͑"graphitization"͒ in a-SiC network occurs at considerably higher temperature ͑above 550°C͒ than the corresponding process in pure carbon layers, which takes place in the temperature range of 200-400°C depending on the deposition method used. 14, 16, 18 Such "stabilization" of the sp 3 -coordinated carbon structure in silicon-carbon alloys may be attributed to the effect of the presence of silicon atoms in local surroundings of the carbon clusters. 19, 20 C. Photoluminescence measurements PL was measured at room temperature using 351 nm wavelength line of Ar + laser for excitation. The as-deposited sample exhibited a white-light emission well visible to the naked eye as a white-greenish spot. The PL spectra of all samples were very broad and covered the spectral range from 400 to 700 nm with pronounced interference features ͑Fig. 4͒. Increase in the annealing temperature up to 450°C enhanced the PL intensity by an order of magnitude. With increasing the annealing temperatures above 450°C, the PL intensity dropped, and no detectable PL was observed after annealing at 650°C and above. The normalized PL integral intensity as a function of annealing temperature is shown in Fig. 5 . The PL intensity of the as-deposited sample is taken as unity. 
D. Electron paramagnetic resonance
The electron paramagnetic resonance ͑EPR͒ measurements of the g-factor, spin density ͑N s ͒, and EPR peak-topeak line width ͑⌬H p.p. ͒ were performed in the temperature range T = 4.2-300 K. Estimated accuracy of the g-value measurements was Ϯ2 ϫ 10 -4 . The absolute accuracy of the spin density estimation was Ϯ50%, whereas the relative accuracy of the N s measurements was Ϯ20%. The as-deposited samples exhibited the spin concentration N s Х 5 ϫ 10 19 cm −3 , which is quite similar ͑within error of measurement͒ to that for the as-deposited near-stoichiometric samples reported earlier ͑N s Х 3 ϫ 10 19 cm −3 ͒. 5 The value of the g-factor was calculated to be 2.0026͑Ϯ0.0002͒ and was independent of the thermal treatments and the measurement conditions, which indicates that the origin of the paramagnetic centers is the same in all samples. Earlier it was demonstrated that the paramagnetic signal in a-SiC: H films originated mainly from carbon related defects with minor contribution from silicon dangling bonds. 21 After annealing at 350°C the concentration of the paramagnetic centers decreased and reached its minimum at N S Х 0.910 19 cm −3 ͑Fig. 5͒. Further increase in T ann up to 550°C resulted in a slow increase in N S , followed by a sharper increase by a factor of 7 after annealing at 650°C. N s remained almost the same after annealing at 650°C and above.
The values of ⌬H p.p. measured at room temperature and at 4.2 K as a function of the annealing temperature are presented in Fig. 6 . One can see that the peak-to-peak width of the EPR line of the as-deposited samples measured at 4.2 K is about two times broader than that measured at room temperature. The value of ⌬H p.p. measured at room temperature showed weak tendency to decrease with increasing of T ann . The EPR line width measured at the temperature of liquid helium slowly decreased with increasing the annealing temperature up to T ann = 650°C, however, it still remained higher than that measured at room temperature. After the annealing temperature was increased above 650°C, the value of ⌬H p.p. measured at liquid helium suddenly dropped close to the value of ⌬H p.p. measured at room temperature. We will show below that such drop of the value of ⌬H p.p. is related to effusion of hydrogen out of the film material.
The peak-to-peak EPR line width ⌬H p.p. of the asdeposited and annealed samples as a function of the measurement temperature ͑T͒ is shown in Fig. 7 . One can see that the trend of the temperature dependence of ⌬H p.p. ͑T͒ changes with increasing the annealing temperature above 650°C. In as-deposited and annealed at low-temperature samples, ⌬H p.p. ͑T͒ changed exponentially from its maximum value at 4.2 K down to the minimum observed at room temperature. With increasing T ann above 650°C, the character of the variation of ⌬H p.p. ͑T͒ changed dramatically and even to the opposite trend for the sample annealed at 850°C ͑Fig. 7, lower curves͒. This can be explained by change in the relative contribution of the basic factors determining the width of the EPR signal, which is discussed below. 
IV. DISCUSSION
A. The temperature dependence of the EPR line width
The values of the g-factor and the EPR line width in the carbon-rich a-SiC: H in the present study are typical for carbon related defects reported in amorphous hydrogenated carbon. The origin of such defects is still under discussion today and can be attributed to dangling -bonds of sp 3 ͓22͔ or sp 2 -coordinated carbon atoms as well as to unpaired electrons on -orbitals in sp 2 -coordinated carbon clusters ͑such as odd-numbered aromatic rings͒. 4 To look deeper into the properties of paramagnetic defects, let us analyze in detail the variation of the line width ⌬H p.p. ͑T , T ann ͒. In general, the total width of the EPR signal ⌬H p.p. in amorphous hydrogenated semiconductors is determined by three main contributions and in analogy with 22 can be written as follows: Thermally activated electron jumps become more "intense" with increasing the measurement temperature, and the effective local magnetic field that is "felt" by unpaired electrons is averaged resulting in decrease in ⌬H p.p.
͑3͒ ͑c H , T͒.
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The temperature dependence of ⌬H pp ͑3͒ ͑T͒ determined by the electron jumping can be described by following equation:
where ⌬H p.p. ͑c H ,0͒ is inhomogeneous EPR line width at T = 0 due to both dipole-dipole and SHF interactions, E h is the activation energy of electron jumps, b is a fitting parameter, and k B is Boltzmann's constant. From this point of view, the exponential-like ⌬H p.p. ͑T͒ curves for the as-deposited sample and for the samples annealed in the temperature range up to 650°C ͑Fig. 7͒ can be considered to be the result of the SHFI broadening mechanism. Effusion of hydrogen out of the material after high-temperature annealing strongly decreased the effect of SHFI, and the contributions of other constituents in Eq. ͑1͒ became more prominent. As a result, the variation of ⌬H p.p. ͑T͒ in the sample annealed at 850°C became quite different, and ⌬H p.p. ͑T͒ slightly increased with increasing of the measurement temperature up to the room temperature due to development of spin-lattice relaxation ͑Fig. 7, lower curves͒. After simple transformations of Eq. ͑2͒, we can get the following expression:
which can be used for estimation of E h from evolution of ⌬H p.p. ͑T͒. Three representative curves for as-deposited sample and samples annealed at 450 and 650°C are shown in Fig. 8 . Here, we presume that peak-to-peak line width in these samples is mainly determined by SHFI in the measurement temperature range.
One can see that in the low-temperature region ͑up to about 60 K͒ the activation energy is roughly the same in all samples ͑about 3-4 meV͒. However, when measurement temperature was increased above 50 K, the activation energy in the as-deposited and annealed at 650°C samples drastically decreased, while the corresponding value in the sample annealed at 450°C increased. As a result the activation en- ergy at room temperature in the sample annealed at 450°C ͑7.6 meV͒ was estimated to be about one order of magnitude larger than the activation energy in as-deposited and annealed samples ͑0.5 and 1 meV, correspondingly͒. These results clearly indicate that spatial fluctuations of interatomic potential at room temperature in the sample annealed at 450°C are significantly larger then in other samples. It is reasonable to suggest that such fluctuation may influence the efficiency of radiative recombination processes through enhancing the localization of photoexcited electron-hole pairs. Currently, we are not able to explain why activation energy changes at 50 K. Earlier it was reported that evolution of magnetic susceptibility of amorphous hydrogenated carbon film measured by nuclear magnetic resonance deviated from typical Curie low below 50 K ͑Ref. 26͒ but no explanation of this effect was suggested.
B. Relation of the PL intensity and the evolution of paramagnetic defects to the short-order reconstruction
One of the most surprising observations in the present study is the fact that a strong enhancement of the PL intensity with increasing the T ann up to 450°C does not clearly correlate with a decrease of the concentration of the paramagnetic defects that are known to be nonradiative recombination centers N s ͑Fig. 5͒. Instead, the PL enhancement is accompanied with a moderate increase in the defect concentration in a temperature range from about 350 to 450°C.
This observation clearly shows that the paramagnetic defects are not the sole factor determining the light-emitting efficiency of a-SiC: H. As it was shown above, the increased fluctuations of the interatomic potential can be considered as another relevant factor. It is reasonable to associate strong fluctuations of the interatomic potential with hydrogen bonds and especially with carbon-hydrogen bonds because the energy of these bonds is larger than that of SiuH bond. From this point of view, it is possible to explain correlation of the increase in the concentration of Si:CuH bonds after lowtemperature annealing ͓Fig. 2͑b͔͒ and an increase in the PL intensity. The potential barriers associated with carbonhydrogen bonds enhance the localization of the photoexcited electron-hole pairs screening them from paramagnetic defects. Without those potentials barriers, the electrons/holes can easily diffuse toward paramagnetic defects and recombine nonradiatively. Increasing of the Si:CuH bonds after low-temperature annealing increase the localization of electron-hole pairs thus enhancing PL efficiency.
The concentration of the hydrogen atoms chemically bonded to carbon in our samples is estimated to be no less than some atomic percents ͑i.e., of the order of 10 22 cm −3 ͒. It is reasonable to suggest that the concentration of Si:CuH bonds is of a similar order ͑i.e., 10 22 cm −3 ͒. The decrease in the spin concentration after low-temperature annealing is of the order of 10 19 cm −3 ͑i.e., three order of magnitude less than the increase in the total number of new Si:CuH bonds͒. Thus, it is hardly possible to explain the creation of Si:CuH bonds solely by interaction of hydrogen with carbon related dangling bonds as it was suggested in Ref. 5 . Here, we propose an alternative mechanism of formation of new carbonhydrogen bonds. It is well known that chemical disorder ͑i.e., existence SiuSi and CuC bonds and even Si and/or C clusters͒ is inherent for a-Si 1−x C x : H films as it was shown earlier 27 the large fraction of carbon-carbon bonds in a-Si 1−x C x : H are nonsaturated, i.e., a large fraction of carbon atoms are double bonded ͑C v C͒. From the chemistry of nonsaturated hydrocarbons, it is well known that such bonds are highly reactive to hydrogen, leading to "opening" of the double bond and creation of two additional CuH covalent bonds ͑C=C+H 2 → H u C u C u H͒. We believe that such reaction is quite possible during annealing in a-Si 1−x C x :H films. Hydrogen released at low T ann from weakly bonded sites can easily migrate through the material interacting with carbon double bonds and creating new CuH bonds that are stable at such temperatures.
Another principal question is why we observe only increase in the absorption due to Si:CuH bonds ͑the absorption bands at 1000 cm −1 due to Si: C u H 2 rocking/wagging and 1260 cm −1 due to Si: C u H 3 bending͒ while the absorption by stretching C u H n modes ͑2800-3000 cm −1 ͒ did not correlate with these data. The only explanation that we can suggest is that the main contribution to the absorption at 2800-3000 cm −1 comes from hydrogenated carbon clusters, i.e., from vibration of carbon-hydrogen bonds in the C:Cu H n configuration, while the contribution of the Si: C u H n bonds is minor. From this point of view we may conclude that hydrogen interacts with carbon bonds that are located outside of the carbon clusters or in a transition region between the carbon cluster and the a-SiC matrix.
V. CONCLUSIONS
Light-emitting carbon-rich a-Si 1−x C x : H films were deposited by the reactive magnetron sputtering technique. The effect of vacuum annealing on local bonding reconstruction, evolution of PL, and paramagnetic defects were studied. The enhancement of the white-green PL observed after annealing at 450°C correlated with the increase in the concentration of Si: C u H n bonds and with the strong increase in the activation energy for the electron jumps. We suppose that "enhancement" of the radiative recombination after lowtemperature annealing is related not only to an additional passivation of paramagnetic centers with hydrogen but also to increasing of the localization of the photoexcited electronhole pairs due to an increase in the fluctuation of interatomic potential induced by newly formed Si:CuH bonds. The formation of additional Si:CuH bonds during the lowtemperature treatment is suggested to be due to interaction of hydrogen with nonsaturated carbon bonds and/or carbon related dangling bonds. Graphitization of carbon clusters during annealing above 550°C was found to introduce a large number of paramagnetic defects that serve as "killers" for the luminescent properties of a-Si 1−x C x :H.
